The dynamical behavior of cold wires and their supporting structure is investigated. It is shown that conventional cold wires have a much more limited frequency response than previously believed, which can cause substantial inaccuracies in temperature data. Here, a lumped parameter model that accounts for the effects of end conduction and wire response is developed. The model is verified by comparing to the experimental data, where the frequency response of the wire is investigated under different heating conditions, with convincing agreement. All the parameters in the model can be found from the geometry of the sensor and the properties of the materials used in its construction. The new model can either be used as a sensor design and optimization tool, in order to design better sensors, or it can be used to correct the data acquired with conventional cold wire sensors, with non-negligible end-conduction effects, so that accurate measurements can be obtained.
Introduction
Temperature measurements using cold wires are generally based on static calibration methods that implicitly assume that the sensitivity is independent of frequency, that is, that the frequency response is flat. It is well known, however, that the frequency response of the wire is affected by the heat transfer from the wire to the stubs, to the prong supports and to the probe body itself, a phenomenon known as end conduction [1] . Many studies have shown that the dynamic response of the cold wire should include not only the wire thermal-inertia time constant but also time constants associated with the stubs and prongs [1] [2] [3] [4] [5] . In the case of temperaturefluctuation measurements, it was found that because of a disparity in size, the problem can be divided into a fast response system (the wire) and a slow response system (the stubs and the prongs). This analysis then predicts a dip in the frequency response at low frequencies (∼0.1-1 Hz), which can result in a significant discrepancy between the static and dynamic responses. By a small perturbation analysis of the heat equation together with experiments, Smits et al [1] showed that, unless the wire is operated with a length-todiameter ( /d) greater than 1000 (generally not suitable for measurements in turbulent flows where spatial resolution is at a premium), end-conduction effects are important. Browne et al [6] also showed that end-conduction effects can be a significant source of error in the moments of temperature and its time derivative when /d < 1500. More recently, Mydlarski et al [7] , by investigating temperature fluctuations in grid turbulence, pointed out that minimization of this error by use of a longer wire results in an increase in error from the reduced spatial resolution of the wire. They estimated that the scalar dissipation was underestimated by 30% when using a wire with 0.63 μm diameter and length of /d = 1500. Therefore, to obtain accurate measurements of temperature fluctuations, it is necessary to design the probe to minimize end-conduction effects, or to employ a dynamic calibration scheme.
Several investigations have aimed at determining the time constant of the wire by considering it to be a first-order system [8, 9] . LaRue et al [8] proposed a theoretical form of the wire filament time constant by assuming the sensor to be infinite in length, that is, by neglecting end-conduction effects. LaRue compared the result with experiments conducted using electrical excitation and found significant discrepancies. It is important to note that in this method, only the wire filament is exposed to heating and therefore the stubs and the prongs play a minor role in the response. More recently, Lemay et al [9] used a chopped laser beam focussed on the center of the wire and a pulsed-wire technique to determine the wire time constant as a function of a cooling velocity. Here, the prongs and the stubs were also not exposed to the heating. Lemay et al fitted the response to a first-order exponential form where the time constant pertains to the wire filament. They recognized the importance of the Gaussian distribution of the laser beam intensity and the end-conduction effects, and introduced two correction factors for these effects to help fit the data better.
It is important to note that their correction for end-conduction effects assumed the stubs to have same diameter and same material as the wire filament.
Modeling the cold wire probe as a first-order system offers a relatively simple way to determine the cut-off frequency and is traditionally used as a benchmark for the roll-off frequency in temperature-fluctuation measurements [7] . However, other investigations found that the frequency response of a cold wire involves a more complex interaction among the different elements of the probe, giving rise to a higher order system. These studies investigated the dynamic response of a cold wire, partly in an attempt to restore the attenuated signal [4, 5, [10] [11] [12] [13] . In particular, Petit et al [5] provided a theoretical and experimental study of cold wire frequency response and suggested that the system is characterized by three main time constants: the first pertains to the wire filament, and the other two are associated with the prongs, one resulting from conduction of heat from the wire to the prongs, and the second resulting from the thermal boundary layer on the prongs. The result is a transfer function characterized by a plateau that starts at the characteristic frequency describing the heat transfer from the prongs, and ends at the frequency corresponding to the roll-off frequency for the wire itself. An extension of this work was presented by Paranthoen et al [4] , who studied both effects by considering the ratio of the wire cold length (the part of the wire where its temperature distribution is affected by end conduction) to the thickness of the thermal boundary layer. They also compared the transfer function of a fully etched wire to a partially etched wire and found that the stubs significantly affect the transfer function. Other investigations of the dynamic characteristics of a cold wire focussed on deriving exact solutions of the heat conduction equations by including rigorous boundary conditions on each element [12, 14] .
A more practical approach was offered by Wroblewski et al [13] , who extended the work by [15, 16] and analyzed the frequency response of a cold wire in measuring heat flux in a convective boundary layer facility, taking into account both end conduction and the thermal inertia of the wire. The frequency response curves generated by their analysis were used to correct actual measured temperature time series using a spectral compensation procedure. The main purpose of their study was to develop a technique that would allow more practical wire sensors (larger diameters with smaller aspect ratios) to be used in the design of heat flux probes, and the authors were able to show successful compensation for a 4 μm diameter wire filament.
Here, we describe an experimental method and a related analytical model to completely quantify the effects of end conduction, and propose a method for dynamically calibrating and correcting the temperature signal. The model takes into account the interaction of the wire filament with the adjacent elements, namely the stubs and the prongs, and the parameters of the model are calculated from the properties and dimensions of the probe. The proposed correction is expressed by a transfer function which provides a simple procedure for predicting the frequency response and is readily applicable to compensating for the attenuation in temperature. First, we investigate the response of the probe to a radiative heat flux, and derive an analytical model for the heat transfer. Second, we modify the model for fluid temperature fluctuations, and demonstrate its accuracy by using the model to correct for endconduction effects experienced in measurements of fluctuating fluid temperatures.
Experimental procedure
The probe was powered by the constant current circuit shown in figure 1(a) . To investigate the response of the probe to a radiative heat flux, an Innova-70c argon laser was used as the heat source with a beam diameter of 1.5 mm (at 1/e 2 ). Typical values of the laser power and the corresponding wire temperature are 0.4 W and 160
• C. Varying the laser power did not change the response and therefore a relatively high power was used to improve signal-to-noise ratio. The wire was mounted on a two-axes stage, which allowed accurate placement in the beam path. An optical chopper MC1000 with a frequency range of 1 Hz-1 kHz was placed between the laser source and the wire. A schematic diagram of the experimental setup can be seen in figure 1(b) . The geometry of a typical probe used in these experiments is illustrated in figure 2(a) . The illumination of the probe by the laser beam is shown in The placement of the wire in the laser beam, each element of the wire is exposed to a different intensity. Table 1 . Cold wires used to obtain the data presented in this study. The probe geometry is defined in figure 2(a) , where the prong distance is L, the prong length is 3 , the prong diameter is d 3 , the stubs diameter is d 2 , the wire length is 1 , and the wire diameter is d 1 . figure 2(b), and we see that the entire probe is exposed to the laser heating. Here, Y is defined as the distance of the wire from the center of the beam and r is the radial coordinate. The unsteady cold wire signals produced by chopping the laser beam were amplified, low-pass filtered (cut-off frequency f c = 5 kHz) and digitized at a sampling rate of 20 kHz using a 16 bit A/D converter. Table 1 lists the different probes used to obtain the results presented in this study. Note that from here on subscript i = {1, 2, 3} will indicate the three different elements of the sensor (wire, stub and prongs, respectively). A Wollaston wire was used where the filament is made from platinum-rhodium (80%-20%), the stubs are made from silver and the prongs are made from stainless steel passing through a ceramic holder.
Data analysis
The full Bode plot of the probe response was obtained by exposing the probe to the fluctuating heat flux from the laser. To reduce the noise level, the output signal at any given frequency was ensemble-averaged over 100 realizations. Figure 3 shows a typical cycle after ensemble-averaging, and in what follows we describe the various methods by which the full Bode plot was constructed from these cycles.
The ensemble-averaged cycles were analyzed as a step response. To obtain the low frequency response long measuring times are required, which can introduce noise due to changes in ambient conditions, and it was found that a chopping frequency of 40 Hz was the lowest frequency that could be used for step analysis. To determine the frequency response for frequencies below 40 Hz, the laser beam was chopped once by manually rotating the chopping disc. However, the manual chopping is relatively slow ( 5 Hz) and cannot serve as a step response to the system for higher frequencies.
First, the response was found for the entire frequency range by plotting the average amplitude of the measured signal versus the inverse of the elapsed time from the step change. This method is shown in figure 4 as 'direct step analysis'. Unfortunately, this approach is very sensitive to the starting point of the step (t = 0), which is difficult to determine accurately. Therefore, this method is shown in conjunction with other methods described below.
Second, the entire frequency range was analyzed as a step response, where the data were transformed from the time domain to the frequency domain. Because a step response in the frequency domain is only defined at zero, the data were first numerically differentiated to determine the impulse response in the time domain before being transformed to the frequency domain using an FFT. The frequency response extracted through this analysis is presented in figure 4 as 'impulse-high FFT' for frequencies above 40 Hz and 'impulselow FFT' for lower frequencies. The results agree well with those from the direct step analysis. Lastly, the frequency of the laser heating was varied using the chopper disc from 20 Hz to 1 kHz in increments of 10 Hz. For each frequency, the average amplitude was extracted from the ensemble-averaged cycle and the frequency response was determined by plotting the amplitude versus frequency. The results of this analysis are shown in figure 4 as 'step amplitude' and as can be seen they agree well with the previous methods.
Model
By inspecting Bode plots such as figure 4 for each wire tested, we noted that the responses can all be characterized by three time constants, and in general the variation with frequency ( f ) can be described by
where τ i is a time constant, A is the output amplitude, and A i is the corresponding constant amplitude. Equation (1) was fitted to each experiment, and it is shown as a solid line in figure 4 . The three time constants are associated with the response and interaction of the main elements of a cold wire, namely the wire, the stubs and the prongs.
To model the response of a cold wire, we choose a lumped parameter approach, where the heat transfer rates are modeled with thermal resistors and heat accumulated in each element with thermal capacitors while assuming the temperature to be constant in each of these parts. A key factor in this approach is the Biot number, a dimensionless ratio of convection to conduction resistance to heat transfer given by Bi = hL c /k, where h is the heat transfer coefficient, L c is a characteristic length and k is the thermal conductivity. The lumped parameter approximation is valid when Biot number is less than one for each element, which holds for all cases considered here. The lumped parameter approach is expected to provide design guidelines relating basic parameters to system response.
We note that each element of a cold wire (represented by a capacitor) is exposed to a heat flux (represented by a current going through a resistor), and therefore the model should include three series RC circuits in a parallel configuration. Moreover, the elements are connected to each other and therefore heat is conducted between adjacent elements represented by thermal contact resistance. Also, the prongs are connected to the holder which has a relatively large thermal mass and acts as a heat sink, and so conduction from the prongs to the holder should also be included in the model. Hence, we propose the model presented in figure 5 , which represents half of the probe under the assumption that the probe behavior is symmetric. The voltage on each node represents the temperature, and the resistances R 1 , R 2 and R 3 correspond to the heat transferred (either by radiation or convection) to the wire, the stubs and the prongs, respectively. Each of the resistances is given by R i = 1/(h i S i ), h i is the heat transfer coefficient and S i is the surface area receiving the applied heat. The capacitors C 1 , C 2 and C 3 represent the heat accumulated and are related to the physical properties of each element according to C i = ρ i V i c i , with ρ i being the density of the element, V i the volume and c i the heat capacity. The three elements are coupled to each other through the contact resistances R 12 and R 23 , given by 1/(k c S c ), where k c is the thermal contact conductivity and S c is the contact surface area. Finally, the prongs conduct heat to the holder, an effect modeled by the resistance R 4 , connecting the prongs to ground and given by /(kS) with l being the length of the unheated prongs, k the thermal conductivity and S the cross-sectional area.
The heat transfer coefficients h i depend on the nature of the heat transfer. Here, we will consider radiative heat transfer first, since it is the dominate heat transfer mechanism in our laser heating experiments. We will then consider the case of convective heat transfer, which is relevant for the measurement of fluctuating fluid temperature.
For the heat transfer due to radiation, the heat transfer coefficient is mainly a function of the position of each element with respect to the laser beam and hence the thermal effect of the laser beam is expressed as a space-dependent boundary condition on each element. This effect is due to the fact that the intensity of the laser beam follows a Gaussian distribution with its maximum located at the center. The variation of the heat transfer coefficient with radial distance r is therefore given by
where h 0 is the maximum heat transfer coefficient at the center of the beam, and w 0 is the distance from the center of the beam at which the intensity falls to 1/e 2 of its maximum value. Figure 2(b) showed the placement of the wire in the laser beam. The characteristic heat transfer coefficients for the wire filament, the stubs and the prongs were found by calculating the weighted average through a numerical integration along the element. The maximum heat transfer coefficient h 0 is calculated from
where P is the laser power, T o is the temperature of the sensor measured for a corresponding power and T ∞ is the ambient temperature. In addition, r c is a characteristic radius of the beam according to
For the heat transfer due to convection, the heat transfer coefficient was obtained using Churchill and Bernstein's [17] correlation for the Nusselt number for a cylinder in cross flow, where
Re 28200
Here, d i is the diameter of the element (wire filament, stubs or prongs), k is the thermal conductivity of the fluid, Pr = ν/α is the Prandtl number with ν the kinematic viscosity and α is the thermal diffusivity, and Re = d i U/ν is the Reynolds number and U the fluid velocity. Note that other correlations of the heat transfer coefficient may be used for different geometries and flow conditions. A comprehensive review of various correlations can be found in [18] .
After obtaining the characteristic heat transfer coefficient for each element (for either convection or radiation), an energy balance was performed, which translates into a current balance on each node. Because V 1 , V 2 and V 3 represent the temperatures of the wire filament, stubs and prongs respectively, the response is described by
This system of differential equations may be solved by constructing a state-space representation, solving for each voltage in the frequency domain and transferring the results back to the time domain by performing an inverse Laplace transform. The solutions are in the form of
where j = {1, 2, 3} corresponds to the wire filament, stubs and prongs, respectively, f j is the frequency and A j is the corresponding amplitude. When measuring temperature with a cold wire, one is essentially measuring the temperature of the wire filament and therefore the solution for V 1 is of interest from which, for i = 1, equation (7) becomes
where T (t ) is the temperature of the wire filament. The typical frequency response predicted by our model is presented in an exemplary Bode plot (figure 6) with a typical transfer function for a step input given by
where z 1 and z 2 are the zeros of the system, and p 1 , p 2 and p 3 are the poles which are related to the frequencies characterizing the system by p i = 2π f i . Specifically, f 1 is referred to as the roll-off frequency, which is found by solving for the poles of the system transfer function. In figure 6 , the plateau observed between the second and third poles is a result of a zero being located in between the poles. The amplitudes A 1 , A 2 and A 3 are also shown in the same figure. The positions of the poles and zeros can also be seen through the phase plot.
Results and validation
Here, we present and discuss the frequency response of different cold wires to radiative heat transfer with the physical properties given in table 1. Each experimental result is presented in the form of the exponential fit, similar to the fit presented in figure 4 . The values of the resistors R 1 , R 2 , R 3 and R 4 were calculated using the dimensions of each element and the heat transfer coefficient. The capacitors C 1 , C 2 and C 3 were obtained using C i = ρ i V i c i . The resistors R 12 and R 23 are the thermal contact resistances which can be found knowing the thermal contact conductivity k c and the contact surface area A c . Values of the thermal contact resistance are generally determined empirically and depend on many parameters such as the material properties, the contact pressure and the surface finish. The value of R 12 was empirically found to be 270 000 K W −1 , which fitted well in all experimental results. Further investigation is required to determine R 12 and k c more accurately, but several trials suggest that this contact resistance depends on the geometry of the tapered region formed at the interface between the wire and the stubs as a result of the etching process. The characteristic length scale of this interface is (d 2 − d 1 ) and since d 1 is small compared to d 2 , the contact resistance is mainly related to d 2 and does not vary significantly with d 1 . R 23 was found to remain unchanged for the same probe, even for different etched lengths. It was found that the value of R 23 is sensitive to the soldering, however it did not vary significantly among different probes and was of the order of 50 000 K W −1 . To study the interplay among different properties of a cold wire, we first discuss the effect of changing the wire filament length on the frequency response. Figure 7(a) shows the response of a cold wire with diameter d 1 = 2.5 μm, where 1 /d 1 was increased from 300 to 500 after etching (wires 3 and 4 in table 1). For both cases, the experimental data are compared with the frequency response predicted by the model, where the resistances and capacitances were calculated based on the properties and dimensions of the present wire. Figure 7 (a) shows that with increasing the wire filament length there is an increase of about 2.5 dB in the first amplitude and a decrease in the roll-off frequency from 260 to 230 Hz. This trend is expected as the frequency mainly depends on the thermal capacity which increases with length. Also, the volume of the wire filament relative to other elements becomes more important which results in the decreased attenuation.
Similarly, figure 7 (b) presents the results of a cold wire with d 1 = 5 μm and 1 /d 1 varying from 80 to 260 (wires 1 and 2 of table 1). The same trend is observed in the frequency response, with a significant increase of around 10 dB in the first amplitude and a decrease in the roll-off frequency of 140 to 80 Hz. In this case, the difference is more pronounced due to the more significant change in the wire filament length.
The effect of changing the diameter is shown in figure 8 where the frequency response of two cold wires with the same length (wires 2 and 4 of table 1) is presented. As may be seen, decreasing the diameter attenuates the amplitude while increasing the roll-off frequency.
It is apparent that most of the attenuation of the signal is due to the first amplitude (A 1 ), while the most important frequency is the corresponding frequency, the rolloff frequency. More insight into the interaction of the wire filament properties and their effect on the frequency response can be obtained by analyzing the first amplitude and the first frequency separately. For that purpose, the model has been used to predict the effect of varying the wire filament length and diameter. In figure 9(a) , the amplitude is plotted against the filament length 1 for different wire diameters d 1 ranging from 1 to 10 μm, the properties of wire 1 in table 1 were used in the model. Note that the wire filament length is normalized by L which is the distance separating the prongs. We can clearly see that the amplitude A 1 increases with increasing length and diameter.
Another important parameter is the roll-off frequency of the wire filament f 1 . Figure 9 (b) shows f 1 as calculated (a) ( b) Figure 9 . Effect of changing the wire filament length and diameter on (a) the first amplitude and (b) the roll-off frequency, illustrating the trade-off between maximizing amplitude and frequency. Figure 10 . Collapse of the curves shown in figure 9 for A 1 and f 1 . For given desired amplitude, one can obtain the corresponding roll-off frequency f 1 .
from the model for different values of 1 /L and d 1 . As expected, increasing the diameter has the undesirable effect of decreasing the roll-off frequency, and hence one faces a trade-off between maximizing amplitude and frequency. This trade-off is illustrated in figure 10 , where we can see how the curves for different diameters in figure 9 (a) collapse to a single curve when plotted against 1 d 1 /Ld 2 , where d 2 is the prong diameter.
The roll-off frequency is plotted in figure 10 where we see that the collapse with 1 d 1 /Ld 2 for the abscissa and f 1 d 1 /d 2 for the ordinate. This figure is useful for design purposes. For example, if one seeks to use the probe at a frequency that attenuates the signal by maximum of 3 dB, the corresponding frequency would be f 1 d 1 /d 2 = 9 which means that for d 1 = 5 μm and d 2 = 50 μm, the roll-off frequency would be 90 Hz.
The maximum amplitude that can be achieved for a specific probe is determined by the remaining elements, namely the prongs, the stubs and the interactions between them. The effect of the stubs is embedded in the results shown above since increasing the filament implies a decrease in the stub dimensions. To illustrate the effect of varying the prong dimensions, figure 11(a) shows the first amplitude for wire 1 as a function of prong length and diameter. As can be seen, minimum attenuation is achieved with the largest diameter and the shortest length. A collapse of these curves with 3 d 2 /Ld 3 is shown in figure 11(b) , illustrating the fact that to maximize the first amplitude, one seeks to minimize 3 /d 3 , which implies shorter prongs with thicker cross-sections.
The effect of the flow velocity is shown in figure 12 , using equation (5) and the model as applied to wire 6 of table 1. For high velocities, the heat transfer coefficient increases while the attenuation observed in the first amplitude decreases. This behavior can be explained by considering that by increasing h 1 , we effectively decrease R 1 in the model (figure 4). A similar reasoning applies for the frequency where in figure 12 , for high velocities, a significant increase in the roll-off frequency can be observed. In general, the performance of the wire improves with increasing velocity.
This trend has been observed in previous studies. Figure 13 (a) shows a comparison between the roll-off frequency f 1 predicted by our model and the one predicted by the commonly used first-order model of LaRue [8] for different wire diameters. A similar trend and overall good agreement is observed. The difference is related to the fact that LaRue et al neglects end-conduction effects, while our model takes into account the interaction of the wire filament with adjacent elements. A fundamental difference between the two estimates lies in the fact that by considering the cold wire to be a first-order system, the roll-off frequency corresponds to a 3 dB attenuation. In contrast, our model takes into account all the elements in the system which implies three time constants and therefore the roll-off frequency does not necessarily correspond to a 3 dB attenuation. This is illustrated in figure 13(b) , where the theoretical prediction of LaRue [8] is compared with the frequencies corresponding to 3 dB attenuation ( f 3 dB ) as predicted by our model. The figure reveals a significant difference between the two predictions implying the significant attenuation in the signal at frequencies lower than those indicated by LaRue. As mentioned in section 1, this fact has been observed by previous investigations [1] [2] [3] [4] [5] .
Dynamic correction of temperature signals
We have shown that our model accurately describes the observed amplitude attenuation through the transfer function H(s) given by equation (9), where the zeros and poles of H(s) are dictated by the properties and dimensions of the probe. To correct the signal for this response, the measured signal is processed through the inverse transfer function while ensuring a stable output. From that perspective, it is necessary to write the inverse transfer function according to where H lp (s) is a low-pass filter necessary to keep the system stable, as well as reduce the noise at high frequencies. We used a second-order low-pass filter, although higher order filters can be used. figure 14 . Figure 15 shows the correction presented above as applied to a measured signal obtained from wire 5 of table 1. The figure shows the measured and corrected temperature in
where T ∞ is the ambient temperature and T o is the beam temperature. The input temperature signal applied to the system by chopping the laser beam is the square wave shown using a dashed line, which is also the output of an ideal sensor with a flat frequency response. As can be seen, the output of the measured signal was severely attenuated and showed less than 20% of the actual temperature. To correct for the attenuation, H(s) is first obtained by matching the wire properties with the model, and then the characteristic frequency of the filter H lp (s) is set to be higher than the expected roll-off frequency. Then, by convolution of the measured signal with H i (s), the corrected signal is obtained. As seen in figure 15(a) , the square wave is indeed restored and the desired temperature reading can be correctly extracted. This example illustrates the large discrepancy between the measured signal and the true expected reading, and the ability of our model to correct the measured signal and restore the expected reading.
For tactical reasons, it should be noted that such large compensation levels come with large uncertainties, and therefore it is always better to use finer wires when conducting temperature-fluctuations measurements.
Further validation of the correction process was performed using the temperature readings obtained using wire 5 (table 1) at frequencies ranging from 20 Hz to 1 kHz. This specific wire poses a challenge, since it shows severe attenuation as a result of its relatively small diameter and short length, as can be observed in figures 14 and 15(a). Figure 15 (b) presents the measured and corrected temperature for different frequencies. By looking at the figure, one can see the large discrepancy between the measured signal and the true expected reading. In this example, the correction is applied to frequencies as high as 1000 Hz and a good agreement with the expected temperature can be seen. Note that the roll-off frequency was 340 Hz and the correction still holds for higher frequencies.
Results and validation for convective heat transfer
Most cold wire temperature measurements are conducted in convective flows. To validate the model for convection, an oscillating jet of air heated by a 400 W coil with an average stream velocity of 2 m s −1 was used. The experimental setup is similar to the laser heating setup shown in figure 1 where the laser source has now been replaced by a jet of hot air and the frequency of the jet oscillation was set through the angular velocity of the chopper. Temperature measurements were acquired using wire 6 as listed in table 1 and compared with a fine wire thermocouple (Campbell Scientific, with diameter 0.0127 mm) capable of accurately measuring fluctuations up to 20 Hz. To apply the proposed correction using the new model, the heat transfer coefficients in R 1 , R 2 and R 3 were calculated using equation (5) . Figure 16 shows the measured signal before and after the correction is applied, where a significant improvement is observed. To gain more insight into the signal attenuation, the normalized intensities were obtained through integration of the FFT and normalizing by the intensity of the reference signal (fine wire). While the normalized intensity of the cold wire before correction captured only 0.55 of the intensity acquired by the fine wire, this value becomes 1.08 after compensation using the proposed model. The fact that the model is over-correcting the signal is not surprising, since the fine wire signal can be expected to be slightly attenuated above 20 Hz as well. Consequently, for a convective flow, the proposed correction restores the expected measurement by reversing the effect of the observed attenuation in the cold wire signal.
Conclusions
An experimental investigation was conducted to determine the frequency response of a cold wire for temperature measurement. Although high frequency measurements of temperature are a common practice, the dynamic response is often overlooked and static calibration is conventionally applied. The results of this study emphasize the importance of the frequency response of the probe and therefore the need for dynamic correction.
An experimental method was developed to test different probes under different heating conditions. More importantly, the frequency response of the full spectrum was extracted following different methods that agreed well with each other. The results also agreed well with previous studies and specifically, we observed three different time constants characterizing the response where we believe each time constant pertains to a different element of the wire.
Following these experiments, a lumped-capacitance based model was derived to mimic the dynamic characteristics of cold wire based on its physical properties and dimensions. The model consists of three branches corresponding to each element of the probe, namely the wire filament, the stubs and the prongs. In addition, the model accounts for the interaction and heat transfer among these elements. The model shows good agreement with the experimental data and can serve to predict the response of a cold wire, knowing its properties with a minimal experimental effort. The effect of changing wire properties was experimentally investigated and verified by the model. By using the model, we were able to explore large range of parameters affecting the response. By doing so, the model can serve as a sensor design and optimization tool.
Most importantly, we illustrated how our experimental procedure and model can be applied to correct for the attenuation caused by the dynamic response of the sensor for both radiation and convection heat transfer. We developed a process by which the temperature can be restored from the measured signal. With some modifications, the experimental method and model can be applied to other temperature measurement sensors.
